regulated compared with adjacent normal tissue (Yoshiji et al, 1996) . The importance of VEGF-induced neovascularization in breast tumours may be seen from recent clinical studies which have shown that the degree of tumour angiogenesis is an important prognostic factor (Weidner et al, 1991; Toi et al, 1993) . Further, VEGF is one of the most important factors in promoting neovascularization of breast tumours (Toi et al, 1996) . The clinical prognostic value of VEGF has been substantiated by two recent studies that demonstrate that the level of VEGF 165 is a strong, independent prognostic determinant (Eppenberger et al, 1998; Linderholm et al, 1998) .
Although VEGF is clearly an important factor in the angiogenic process in breast cancer, there is scant information about the production of bioactive VEGF or expression of VEGF receptors by specific cell types in the breast. Therefore, the first aim of this study was to determine the production of VEGF by primary cultures of breast epithelial and stromal-enriched cells derived from human breast tumours and its modulation by the cytokines interleukin (IL)-6 and IL-8. These factors were selected as they have both previously been shown to be up-regulated in breast cancer (Adams et al, 1991; Green et al, 1997) and both induce angiogenesis (Koch et al, 1992; Cohen et al, 1996) . Secondly, we determined the in vitro expression of the VEGF receptors, Flt-1 and KDR and assessed whether they may mediate autocrine/paracrine proliferation.
METHODS

Cell culture
Surgically removed breast tumours (n = 10) were transported immediately to the laboratory and dispersed overnight in collagenase III (Life Technologies, Paisley, UK) as previously described (Speirs et al, 1996a) . Individual epithelial and stromal preparations were isolated using a differential centrifugation method followed by culture in selective media (Speirs et al, 1996b) and were previously fully characterized by immunostaining, flow cytometry, gene expression and enzyme assay (Speirs et al, 1998) . Clinicopathological details of the tumours from which the cultures were established are presented in Table 1 . Six normal breast samples from patients undergoing reduction mammoplasty were dispersed enzymatically and cultured under the same conditions as the tumour tissue. Ethical permission was granted for all the studies performed.
RNA extraction and cDNA synthesis
Total RNA was extracted from pre-confluent cell cultures by the addition of guanidinium isothiocyanate directly to the culture vessel, ethanol precipitated and quantified by UV spectroscopy. This was reverse transcribed into cDNA in a 20-µl reaction containing 1 µg RNA, 2 µg oligo dT, 20 units of RNAsin (both Pharmacia, St Albans, UK), 10 mM dithiothreitol (DTT), 0.1 mM of each deoxynucleotide triphosphate (Boehringer Mannheim, Lewes, UK), 10 units µl -1 of SuperScript RNase H -reverse transcriptase (Life Technologies) and an appropriate volume of diethyl pyrocarbonate-treated water. This was incubated for 1 h at 42°C, heated to 99°C for 5 min, quick chilled on ice and stored at -20°C. Polymerase chain reaction (PCR) was performed in a 50-µl volume which contained the following: 2 units of DNA polymerase, 10 × PCR buffer (containing 1.5 mM magnesium chloride; both Bioline, London, UK), 0.5 µg of each oligonucleotide primer (Life Technologies), 200 mM each of dATP, dCTP, dTTP and dGTP, 2 µl nascent cDNA and sterile distilled water to bring the volume to 50 µl.
Semi-quantitative reverse transcription-PCR
Primer sequences for amplification of Flt-1 and the constitutively expressed housekeeping gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH), have been previously described (de Vries et al, 1992; Green et al, 1996) . PCR was performed as follows: 2 µl of cDNA were amplified over 30 cycles with 2 U Bio Taq polymerase, 10 × reaction buffer (both Bioline), 200 µM each of dATP, dCTP, dTTP and dGTP (Boehringer Mannheim), 1.5 mM megnesium chloride and distilled water to bring the volume up to 50 µl. For KDR, a nested PCR was performed as originally described (Boocock et al, 1995) , but with primer modifications. cDNAs were amplified with KDR-specific primers 1 and 2 for 25 cycles (95°C 30 s, 60°C 30 s, 72°C 30 s). After amplification with the first primer pair, 2 µl of product were reamplified in 50 µl of fresh reaction mixture using the KDR-specific primers 3 and 4 for a further 25 cycles (95°C 30 s, 62°C 30 s, 72°C 30 s). Reaction buffer was identical to that used for Flt-1 and GAPDH. KDR primers were as follows:
Primer 1: 5′-ACG CTG ACA TGT ACG GTC TAT-3′ Primer 2: 5′-TTC CCA TTT GCT GGC ATC ATA-3′ Primer 3: 5′-CAT CAC ATC CAC TGG TAT TGG-3′ Primer 4: 5′-GCC AAG CTT GTA CCA TGT GAG-3′ All PCRs were performed using an OmneGene thermal cycler (Hybaid, London, UK). Substitution of cDNA with either sterile distilled water or non-reverse transcribed RNA served as negative controls; these were consistently negative. A total of 5 µl of each PCR product were electrophoresed through a 2% agarose gel and visualized by ethidium bromide staining under UV illumination. To confirm the identity of the amplified fragments, representative PCR products were incubated with 10% v/v restriction endonuclease (Pvu II for Flt-1, Ava II for KDR; data not shown) which cleaved the product into discrete fragments of predicted size.
Characterization of cell culture contaminants
To ensure our primary cultures did not contain endothelial contaminants which may have been the source of VEGF/VEGF receptors, all epithelial and stromal cultures were characterized by reverse transcription PCR (RT-PCR) for von Williebraad factor (VWF) which is associated with endothelial cells. RT-PCR was performed as described above using primers designed to detect fragment of the VWF gene. Primer sequences were as follows: 
5′-ACG GCT TGC ACC ATT CAG CT-3′ 5′-CAG CCT CAC TTG CTG CAC TT-3′
The thermal cycle consisted of a denaturation step of 94°C for 2 min, followed by 35 cycles of 94°C for 30 s, 57.5°C for 30 s, 72°C for 30 s, and was concluded with a final primer extension step of 72°C for 5 min. As a positive control, cDNA obtained from the endothelial cell line EAHY 926 was used. Non-reverse transcribed RNA served as a negative control. Products were analysed by agarose gel electrophoresis as described above.
Quantitative analysis of VEGF
Primary epithelial and stromal cultures were established in 12-well plates and, when 70% confluent, incubated for 24 h with serumfree medium. The resulting confluent medium (CM) was collected and stored at -80°C until required. From the same cultures, RNA was extracted as described above. CM was quantitatively analysed for VEGF by enzyme-linked immunosorbent assay (ELISA) (R&D Systems, Abingdon, UK). Prior to analysis, CM was centrifuged to remove any particulate matter and assayed according to the manufacturer's instructions. The mean intra-and inter-assay variances were 4.7% and 6.7%, respectively, with a sensitivity of 5 pg ml -1 for VEGF 165 . No significant crossreactivity with a range of cytokines was observed (refer to manufacturer's instructions for complete list).
Effects of IL-6 and IL-8 on VEGF production by primary epithelial and stromal cultures
Cultures were established from three tumours (BCa2, BCa3 and BCa5) as described above and allowed to become semi-confluent in 12-well plates. Medium was removed and replaced with fresh serum-free medium containing 10 ng ml -1 IL-6 or IL-8 (both Genzyme, West Malling, UK). Cultures were incubated with these factors for a further 48 h, after which the medium was collected, clarified by centrifugation and stored at -80°C until analysed for VEGF by ELISA.
Statistical analysis
Student's unpaired t-test was used to analyse statistical significance.
RESULTS
Characterization of cell cultures
To ensure the cultures were free from endothelial cell contamination, epithelial and stromal cultures under study were subjected to RT-PCR for the VWF gene. VWF was strongly expressed by the positive control endothelial cell line EAHY 926 and its identity was confirmed by restriction mapping. However, we were unable to detect VWF in our enriched epithelial cell populations ( Figure  1 ) or stromal populations (data not shown). Immunostaining for VWF was also consistently negative (data not shown; Speirs et al, 1996b) .
Production of VEGF and expression of VEGF receptors by cell cultures
All breast tumour epithelial and stromal cultures produced VEGF. Epithelial-enriched cultures produced a mean VEGF of 33 ± 7 pg ml -1 µg -1 RNA (range 11-70). Stromal cells produced similar levels, with a mean of 48 ± 11 pg ml -1 µg -1 RNA (range 7-92). This is illustrated in Table 1 . For comparison, identical cultures were prepared from six samples of normal breast tissue (obtained from reduction mammoplasty samples). These cultures produced significantly lower amounts of VEGF compared with tumour cultures (epithelial mean 19 ± 5 pg ml -1 µg -1 protein, range 9-34, P < 0.05 vs tumour epithelial culture; stromal mean 26 ± 8 pg ml -1 µg -1 protein, range 3-56). We next examined whether the VEGF receptors, Flt-1 and KDR, were expressed by these cultures. The Flt-1 receptor was expressed by four of six epithelial and five of six stromal cultures (Table 1 and KDR with constitutive expression of this receptor by epithelial cultures and zero or reduced (3/6) expression by stromal cultures (Table 1 and Figure 3) . To determine the functionality of these receptors, epithelial-enriched cultures were incubated with rh VEGF (5, 10 ng ml -1 ) for up to 48 hours, trypsinized and counted. However, no effects on cell proliferation were observed (data not shown).
Effect of IL-6 and IL-8 on VEGF production in primary breast cultures
Treatment of epithelial-enriched cultures with either IL-6 or IL-8 had no effect on VEGF production. However, when corresponding stromal cultures were incubated with these factors, VEGF production was decreased by up to 50%. This is illustrated in Figure 4 .
DISCUSSION
This study has clearly demonstrated production of VEGF and, unexpectedly, expression of the VEGF receptors Flt-1 and KDR by primary cultures derived from breast tumours which were enriched for epithelial and stromal cells. These data suggest that VEGF and its receptors may play a significant autocrine/paracrine role in breast tumorigenesis. Significantly higher levels of VEGF were produced by tumour epithelial cells compared with normal breast epithelial cells derived from reduction mammoplasties. This is in accordance with the increased expression of VEGF in tumour versus normal breast reported by others (Yoshiji el al, 1996; Scott et al, 1998) . This observation suggests that VEGF may be critical for tumour growth and invasion, and is consistent with clinical studies showing that the degree of tumour angiogenesis is an important prognostic factor in breast cancer (Weidner et al, 1991; Toi et al, 1993) . Similar production of VEGF 165 was found for both tumour-derived epithelial and stromal-enriched cultures, suggesting that both cell populations may have equal importance as a source of VEGF. Immunostaining and in situ hybridization studies have revealed that VEGF is more commonly localized to epithelial cells (Brown et al, 1995; Yoshiji et al, 1996) . However, it has been shown that mammary stromal cells also produce VEGF which is up-regulated in response to hypoxia (Hlatky et al, 1994) , which would be in accord with the results presented here.
To our knowledge this is the first report of expression of Flt-1 and KDR receptors in primary cultures of epithelial and stromal cells derived from breast tumours, although these have previously been noted in established breast cancer cell lines (Lu and Brodie 1996) . With the exception of ovarian carcinoma cells (Boocock et al, 1995) , melanoma (Gitay-Goran et al, 1993) , placental trophoblasts (Charnock-Jones et al, 1994) , human testes (Ergun et al, 1997) and monocytes which express Flt-1 but not KDR (Hewett et al, 1996) , VEGF receptors are expressed almost exclusively by endothelial cells involved with tumour neovascularization (Jakeman et al, 1992; Hewett and Murray, 1996) . Because of the nature of our cell separation prcedure combined with the high sensitivity of the PCR technique, it was possible that we may have been amplifying Flt-1 and KDR message from occult endothelial cells rather than epithelial cells or fibroblasts. However, we have previously characterized these cultures by immunocytochemistry and flow cytometry (Speirs et al, 1998) . More importantly, using RT-PCR for the endothelial marker factor VIII, we were unable to detect a positive signal in breast cancer cell cultures, confirming the absence of stray endothelial cells in our epithelial and stromal populations. The sensitivity of the PCR, in theory capable of amplifying message from a single cell, unequivocally demonstrates that our cultures did not contain endothelial cells. If these were contaminants in our eniched cell populations, even at a low level, they would have been detected by RT-PCR for factor VIII, particularly after 35 amplification cycles.
The finding of both VEGF protein and receptors within the same cell population suggests important autocrine/paracrine mechanisms which may be important in direct tumour cell proliferation. However, no proliferative response could be elicited when rhVEGF was added directly to primary cultures over a 4-day period. There are several possible explanations for this. Given that these cultures are already producing reasonably high levels of VEGF (as demonstrated by our ELISA results), it may be that the receptors are already maximally stimulated and have become saturated such that they would be unresponsive to exogeneous peptide. We did not have access to a VEGF antagonist which may have tested this hypothesis. Alternatively, VEGF receptors observed on breast tumour cells may be involved with invasion rather than proliferation, suggested in ovarian carcinoma which also possesses gene transcripts for both types of VEGF receptor, but cannot respond to exogenous rhVEGF in either paracrine or autocrine fashion (Boocock et al, 1995) . It is also possible that the receptor gene may not be transcribed and translated to a functional state under the in vitro conditions we describe; expression of a functional receptor may require cell-cell or cell-matrix interactions (and hence tissue integrity), which is obviously lost in vitro. The soluble Flt-1 receptor (sFlt-1), identified in human endothelial cells, which binds VEGF with high affinity thus preventing VEGF-induced mitogenesis (Kendall et al, 1996) should also be considered. One could speculate that sFlt-1 may also be produced by breast primary cultures and, by binding to its ligand, may be responsible for the lack of proliferative effect we observed when exogenous VEGF was added to our cultures. However, a preliminary study (by sandwich ELISA) in our laboratory has failed to demonstrate the presence of sFlt-1 in samples of conditioned medium, although it is present in sera of some breast cancer patients (K Heer et al, unpublished observations) . A differential expresison of Flt-1 and KDR was observed using semi-quantitative RT-PCR, which may reflect a differential response to VEGF by specific cell types. We observed up-regulation of Flt-1 by breast stromal cells and this observation reflects recent data from an immunostaining study where there was a trend for Flt-1 to be associated with breast stroma rather that epithelial cells (51% and 44% expression respectively; de Jong et al, 1998) . With KDR, the reverse was true, with very strong expression by epithelial cells. This observation has precedent, with the differential expression of VEGF receptors having been described in normal human testes where a paracrine mitogenic and angiogenic role has been proposed (Ergun et al, 1997) . Flt-1 has a higher affinity for VEGF than KDR and each have different signalling pathways (Waltenberger et al, 1994; Seetharam et al, 1995) . It is proposed that both are required to mediate the full spectrum of VEGF binding, but the mechanisms which control VEGF signal transduction are not fully understood.
Breast tumours express a wide range of cytokines, which are also expressed by breast primary cultures (Speirs et al, 1996b; Green et al, 1997) . Some cytokines, in particular IL-6 and IL-8 are up-regulated in breast tumours (Green et al, 1997) . As both of these factors are pro-angiogenic (Koch et al, 1992; Cohen et al, 1996) , we examined the effect of IL-6 and IL-8 on VEGF production by primary cultures. In breast tumour epithelial-enriched cultures, neither IL-6 nor IL-8 affected VEGF production. This is in contrast to the work of Cohen (1996) , who demonstrated that in tumour cell lines, expression of VEGF was induced by IL-6, particularly in responses to hypoxia. However, none of these cell lines were derived from breast tumours, so it is possible that cells of different tissue origin may elicit distinct response to cytokines. Alternatively, the response of established cell lines may differ from that of the primary cultures used in the present study. In stromal cultures VEGF production was reduced by up to 50% in response to these cytokines. Down-regulation of VEGF by IL-6 and IL-8 suggests that stromal cells may be important paracrine regulators of VEGF. In so doing they may reduce the availability of VEGF to the surrounding neovasculature and/or epithelial cells, possibly acting as mediators which inhibit tumour growth.
We attempted to correlate our data with available clinicopathological details. With respect to VEGF receptors, epithelial and stromal cultures from the single lobular carcinoma available for study failed to express Flt-1. This observation has previously been reported and may be explained by the fact that, unlike ductal carcinoma, in general lobular carcinoma does not induce a desmoplastic stromal response (Brown et al, 1995) . In terms of VEGF production, no significant difference was observed between cultures derived from node-positive versus node-negative tumours. However, stromal cultures derived from oestrogen receptor-negative tumours produced more than double the amount of VEGF produced from identical cultures derived from oestrogen receptor-positive tumours. The significance of this observation remains to be determined.
The findings reported here are in accord with the established clinical importance of VEGF as an independent prognostic factor in breast cancer (Toi et al, 1993; Linderholm et al, 1998) and consistent with the significantly higher levels in the sera of breast cancer patients (Dirix et al, 1997) . The data presented here have reinforced the importance of VEGF in breast cancer using an in vitro model. More importantly, we have demonstrated nonendothelial expression of VEGF receptors Flt-1 and KDR by breast cancer epithelial and stromal cells. Furthermore, production of VEGF by breast cancer stromal cells supplements a recent study where in transgenic mice bearing oncogene-induced mammary carcinomas, the VEGF promoter was expressed more strongly in tumour stroma (Fukumara et al, 1998) , pointing to an important role for the stroma in VEGF production. In conclusion, these results suggest a fundamental role for VEGF in breast cancer, not only as an angiogenic factor, but also as an autocrine/paracrine regulator which may facilitate tumour proliferation and subsequent invasion.
